Abstract-The objective of this project is to create a novel device to monitor and report back with comprehensive physiological status and alerts of hazards encountered by the firefighter. The device is a band-aid like device that would be attached to the firefighter's skin positioned on the upper arm. The device would monitor the firefighter's physiological health including heart rate and blood oxygen level, carboxyhemoglobin, and hyperthermia. Not only will the device monitor the firefighter's physiological health, it will also monitor and report back on the temperature and humidity inside the firefighter's suit, and monitor for impacts, falls, impact from objects or contact with objects.
INTRODUCTION
When on active duty, a firefighter's body undergoes a lot of stress due to the unpredictable duration they are exposed to high environmental heat strain, high physical demands from both the weight of their equipment and accomplishing tasks that require a large amounts of energy expenditure. While their clothing protects them from burns, it reduces heat exchange with the environment causing increase amount of physiological strain. Leading to decreased work capacity and heat-induced exhaustion causing high cardiovascular and thermoregulatory strain [1] .
The firefighting profession is a high-risk job which can lead to serious injuries and sometimes even, death. In 2011, a total of 61 firefighters died on-duty in the United States. The causes of these deaths were overexertion, stress, sudden cardiac arrests and stroke, caught or trapped by ceilings collapsing, explosions, lost in a burning building, drowning, crushed, struck by object, falls, and heat stroke [2] . In 2010, there was reported of a total of 71,875 injuries to firefighters which occurred in the line of duty. The leading cause of firefighters' injuries and deaths was overexertion resulting in strain, sprain, and muscular pain. Other injuries to the firefighters included falls, slips, jumps, contact with objects, struck by objects, extreme weather, and exposure to chemicals, radiation, and dire products [3] . There were 38,660 injuries between 2005-2009 that was broken down into two different categories: (1) minor injuries, requiring only first aid and treatment by a physician without loss of time and (2) moderate to severe injuries, includes loss of time and potentially life threatening condition. The moderate and severe injuries were mainly composed of strains or sprains (34%), thermal burns (10%), and pain (9%) with the leading source of these injuries were from falls, slips, or trips (28%) [4] . Currently, there is no device that can reliably monitor all these conditions and be able to report back for immediate assistance.
There are currently devices on the market and under development to monitor the firefighter's physiological health such as the Wearable Advanced Sensor Platform (WASP) or the integrated firefighter location and physiological monitor at the Worcester Polytechnic Institute. Both of these devices use sensors to monitor the physiological state of firefighters and use similar sensor as the proposed device but have limitations that the proposed device improves upon. Both of the mentioned devices require straps to hold a bulky devices and require a special shirt to use them. The pulse oximeter that the two devices used needs to be attached to the forehead and held on tightly with a strap to reduce movement which can interfere with masks and easily move around during activity [5] [6] .
II. DEVICE OVERVIEW
Firefighters are exposed to a multitude of different hazards while in the act of firefighting. These hazards include overexertion, low oxygen environments, CO poisoning, falls, contact with objects, impact from objects, burns, and hyperthermia. In this work we describe a band-aid like device that can be attached to the firefighter's skin on the upper arm. The device can monitor the firefighters physiological health including heart rate (HR) and oxygen saturation levels (SpO2) though the use of a pulse oximeter, measure carboxyhemoglobin (HbCO) through the use of a pulse CO-oximeter, and hyperthermia by measuring the skin temperature. In addition to monitoring the firefighter's physiological health, the device will also monitor and report back on the temperature and humidity inside the firefighter's suit (factors associated with the risk of burns), and monitor for impacts, falls, impact from objects or contact with objects using an accelerometer. The device is a microcontroller interfaced with multiple sensor, as shown in Figure 1 . The sensors include pulse oximeter, pulse COoximeter, accelerometer, temperature sensors, and a combined temperature and humidity sensor. All these sensor are used to monitor the user and only alert the supervisor if the user is at risk or has encountered a hazard.
III. SENSORS

A. Pulse Oximeter
The principle of pulse oximetry is based on photoplethysmography. There are two different light sources one red and the other infrared. As the blood flows through the body, deoxyhemoglobin (Hb) and oxyhemoglobin (HbO2) will absorb the light and decrease the amount of light detected by a photodiode. Hb will absorb the red light more than the infrared light and the opposite happens with the HbO2. The light that is detected by the photodiode has two components: an AC and DC component. The AC component represents the blood as it pulses throughout the body and the DC component represents the tissue and other factors that do not change. The heart rate can be derived from the AC portion and the ratio of red to infrared light can be translated into the SpO2 [7] [8] [9] [10].
The pulse oximeter is a noninvasive device that measures either the transmitted or reflected light that interacts with the skin and near surface tissue. The design includes a red LED at 660nm, an infrared LED at 940nm, and a photodiode that can detect both of these wavelengths. The transmission pulse oximeter setup has the finger or earlobe sandwiched by the LEDs on one side and the photodiode on the opposite side. The LEDs then transmit their respective wavelength, one at a time, through the finger or ear lobe to the photodiode [10] [11] . While this device uses the reflective pulse oximeter setup which has the LEDs and photodiode on the same side and measures the light that is reflected from the tissue.
B. Pulse CO-Oximeter
A pulse CO-oximeter is a noninvasive method with similar principles of operation as the pulse oximeter but used for measuring the carbon monoxide levels (SpCO) of the subject. The Rad-57 Pulse CO-Oximeter is a FDA-approved commercially available pulse CO-oximeter. The Rad-57 is a handheld device that uses a fingertip clip probe for measuring the SpCO [12] .
SpCO is based on Beer-Lambert law, similar to the SpO2, using the ratio of transmission and multiple wavelength based on Figure 2 . SpCO is found using a ratio of three wavelengths' AC and DC values in order to calculate the SpCO [12] .
C. Accelerometer
Three axis accelerometers are a common sensors in devices such as smart watches and cell phones. These sensors return the acceleration in the x, y, and z axes. Through the use of the acceleration data the force, displacement, and velocity can be estimated. By using the acceleration, displacement, and velocity data a device can recognize the subjects activity type. Activities are recognized with high accuracy but are limited to sensor placement, as example brushing teeth with sensor on hip will not recognize as well as if the sensor was on writst or arm [13] . Not only can the accelerometer predict the subject's activity but there has been strong correlation for predicting the subject's energy expenditure. Prediction of energy expenditure's accuracy is negligible for sensor location [14] .
D. Suit Humidity and Temperature Sensor
There is a dual sensor that is capable of measuring both the humidity and temperature of the environment. These are both important for monitoring for risk of burns. Moisture plays a complex role in heat transmission for firefighter turnout systems and effects the potential of burn injuries to the skin. Figure 3 shows that low levels, around 20% moisture, effect the time it takes for a second degree burn to occur [15] .
The environmental conditions will also cause heat strain to the firefighters. There are three classifications of environmental conditions: routine, emergency, and critical. Each classification allows less operation time which if exceeded increases change for injury. Routine conditions are classified when environmental conditions have a temperature of 100°C and thermal radiation of 1 KW m 2 which allows for up to 25 mins of operation. Emergency conditions are classified when environmental conditions have a temperature of 160°C and thermal radiation of allowing for less than a min of operation and will lead to damage to the equipment and protective clothing [1] .
E. Skin Temperature
A relatively simple temperature sensor applied to the skin would allow for real time measurement of the subjects body temperature. Firefighters regularly expose themselves to environments that can easily lead to heat strain including high physcial demands, exposure to high temperatures, and radiative heat. These factors with the fact that they wear a partially or fully encapsulating protective clothing leads to core temperature values of 38.9 °C to 40.6 °C, which is above the normal 37 °C. Because of this firefighters are at an increased risk for hyperthermia [16] .
IV. PRELIMINARY RESULTS
The following are preliminary results for the device. The results are from a prototype device comprised of components on a rigid printed circuit board (PCB) and each sensor connected to the same device but each sensor tested independently.
A. Pulse Oximeter Results
The results shown in Figure 4 are the preliminary results for a single gathering cycle of the device. The values shown have been calculated by the microcontroller using the displayed waveform. Currently the pulse oximeter can measure both heart rate and SpO2 but requires further testing for accuracy.
B. Preliminary Accelerometer Results
The accelerometer will interrupt the microcontroller for immediate attention. The accelerometer interrupts when the force applied to the accelerometer exceeds above the set threshold. This threshold can be set in increments of 62.5 mg with a maximum value of 16g. In addition the accelerometer is able to interrupt when no activity has been detected for a predetermined amount of time. The amount of time can be set in increments of 1 seconds.
C. Preliminary Suit Humidity and Temperature Sensor
The suit humidity and temperature sensor is able to measure the humidity between 0% and 100% and temperature between 5°C and 50°C.
D. Preliminary Skin Temperature
The skin temperature sensor is able to measure the temperature between 0°C and 70°C.
E. Preliminary Power Consumption
The device requires a 0.5 Ah battery to run for 8 hours for continuous pulse oximeter operation and constant data transferring. This was chosen because the pulse oximeter and Bluetooth have the largest power consumption. Data transferring includes sending ever sample of data sampled.
V. PROJECT STATUS
To date the device has been implemented and tested with the sensors mounted on multiple rigid PCBs. The sensor PCBs, power supply circuitry, and Bluetooth™ are all connected to another PCB containing the microcontroller. This configuration has been used for development of the sensor's hardware, signal processing software, and verification. The hardware platform has been finalized. Figure 5 shows the flexible PCB which is smaller and more compact compared to the rigid PCB. The flexible PCB still requires protective coating and adhesive layer. The pulse CO-Oximeter calculations are currently under development. The software for the sensors is working but requires combining, scheduling, and finalized alert thresholds. Additional sensor testing for accuracy against the different commercially available devices is required. Additional power consumption allowing for more realistic device operation including only sending sensor results, such as only send pulse oximeter heart rate and SpO2 results instead of all data points, and implementing downtime between sensor measurements.
VI. CONCLUSION
The occupation of firefighting is dangerous and full of hazards which has led to 61 deaths and 71,875 injuries, in a single year [2] [3] . The proposed device has been designed to monitor the physiological health and potential hazards of the firefighter while on active duty. This will be accomplished through the use of several sensor including pulse oximeter, pulse CO oximeter, accelerometer, suit temperature and humidity, skin temperature, and dehydration sensor. These sensor will be integrated together into a single flexible wireless patch that can be applied directly to the skin surface on the firefighters upper arm. Through the use of the proposed device, death and injuries could be decrease by enabling real-time alerts to the firefighter's supervisor that lead to immediate attention and/or preventative measures. For example, the device could warn the supervisor to inform a firefighter to take a 10 min break to rehydrate or that a firefighter suffered an impact and need immediate attention.
